Four interplanetary corotating interaction regions (CIRs) were identified during 2016 JuneSeptember by the Rosetta Plasma Consortium (RPC) monitoring in situ the plasma environment of the comet 67P/Churyumov-Gerasimenko (67P) at heliocentric distances of ∼3-3.8 au. The CIRs, formed in the interface region between low-and high-speed solar wind streams with speeds of ∼320-400 km s −1 and ∼580-640 km s −1 , respectively, are characterized by relative increases in solar wind proton density by factors of ∼13-29, in proton temperature by ∼7-29, and in magnetic field by ∼1-4 with respect to the pre-CIR values. The CIR boundaries are well defined with interplanetary discontinuities. Out of 10 discontinuities, four are determined to be forward waves and five are reverse waves, propagating at ∼5-92 per cent of the magnetosonic speed at angles of ∼20
the solar heating is slowly varying in time, the solar wind itself can be very dynamic. For example coronal mass ejections (CMEs) associated with solar flares, and high-speed streams (HSSs) and corotating interaction regions (CIRs) associated with coronal holes have high plasma density features that can cause sudden compressions of the cometary plasma environment. The aim of this work is to study the characteristics and impacts of interplanetary CIRs on the near-cometary plasma environment at large heliocentric distances. It is based on the plasma and magnetic field measurements by instruments onboard the Rosetta spacecraft (Glassmeier et al. 2007a) around comet 67P/Churyumov-Gerasimenko (hereafter referred to as 67P, Churyumov & Gerasimenko 1972) during 2016 June through September.
The CIRs are formed in interplanetary space owing to the interaction between HSSs and the background quiet/low-speed streams (Siscoe 1972; Collard & Wolfe 1974; Smith & Wolfe 1976; Pizzo 1985; Balogh et al. 1999) . As coronal holes are long-lived structures, the interaction regions may 'corotate' and reappear with solar rotation (∼25 d). At large heliocentric distances (≥3 au) the leading and trailing edges of the CIRs are marked by interplanetary forward and reverse shocks, respectively (Parker 1963; Sonett & Colburn 1965; Smith & Wolfe 1976; Burlaga, Mish & Whang 1990; Tsurutani et al. 1995; Echer, Tsurutani & Guarnieri 2010) . However, as the shock formation occurs due to the non-linear steepening of waves that requires several non-linear steepening times, most CIRs do not have shocks at 1 au (Neugebauer & Snyder 1966; Chao 1973; Intriligator & Neugebauer 1975; Smith & Wolfe 1976) . The CIRs are characterized by compressed plasma and magnetic field regions. These are known to be geoeffective causing weak to moderate geomagnetic storms, and intense, long-duration auroral activities at the Earth (Tsurutani & Gonzalez 1987; Tsurutani et al. 2006; Hajra et al. 2013 Hajra et al. , 2014a Hajra et al. ,c,b, 2015a Hajra et al. ,b, 2017a Souza et al. 2016 Souza et al. , 2018 Mendes et al. 2017; Guarnieri et al. 2018; Hajra & Tsurutani 2018a) . They result from magnetic reconnection (Dungey 1961) between the southward component of CIR magnetic fields and the Earth's dayside magnetopause fields. While CIR impacts on the Earth's magnetosphere-ionosphere system are well studied, less explored are the impacts on non-magnetized solar system bodies, like Mars, Venus, and comets. The ionospheric escape rates of Mars and Venus are reported to increase during CIR events (Dubinin et al. 2008; Edberg et al. 2011 and references therein). Edberg et al. (2016) reported the first in situ study of comet 67P ionospheric response to CIR events. The CIRs were shown to cause enhancements in the cometary plasma density, ionizing electron fluxes, and magnetic field strengths at ∼3 au from the Sun during the pre-perihelion phase of the comet. While the exact mechanism of the cometary plasma enhancements could not be identified in that study, four potential mechanisms were suggested, namely, the plasma environment compression, increase in electron-impact ionization, increase in charge exchange processes, and acceleration of mass-loaded plasma towards the comet nucleus. One of the aims of this study is to discriminate between the dominant process(es).
In this work, the response of the cometary ionosphere during CIRs are explored to extract and quantify the CIR contribution on the cometary plasma variability. In this study, the comet is in the post-perihelion phase of its solar orbit. Comparison has therefore been undertaken with the study of Edberg et al. (2016) when the comet was in the pre-perihelion phase and at almost similar heliocentric distances. It may be mentioned that around the perihelion, in situ solar wind measurements by Rosetta, and thus a direct detection of CIRs, was not possible due to formation of a near-nucleus solar wind cavity void of any solar wind ions (Behar et al. 2017; Nilsson et al. 2017) . In addition to the impact of the CIRs on the cometary plasma, the features of the interplanetary characteristics of the CIRs in terms of the solar wind proton density, speed, temperature, and magnetic field intensity are studied in details. This allows a deeper insight and a better understanding of the interplanetary CIR evolution at large heliocentric distances.
The paper is organized as follows: In Section 2, we give an overview of the Rosetta spacecraft observations during 2016 JuneSeptember followed by a case-by-case study on the CIR events. The results are discussed in Section 3 and the main findings are summarized in Section 4. Few final comments are added in Section 5.
DATA A NA LY S E S A N D R E S U LT S
For this study, we focus on the time interval from 2016 June 1 to 2016 September 30, during the descending-to-minimum phase of the solar cycle 24, characterized by large and well-defined coronal holes in the polar and equatorial regions of the Sun. Comet 67P, orbiting the Sun at heliocentric distance r h between ∼3 and 3.8 au during this interval, encountered with four consecutive HSSs emanating from coronal holes. The interaction between the solar wind and the inner cometary plasma environment/induced magnetosphere is monitored by five instruments of the Rosetta Plasma Consortium (RPC, Carr et al. 2007 ) onboard the Rosetta spacecraft from the cometocentric distance r c between ∼4 and 30 km. In the following subsections near-cometary plasma and magnetic field measurements during the CIRs are described and discussed. . While 67P moved gradually from the heliocentric distance r h of ∼3.1 au to ∼3.8 au, Rosetta remained in the inner cometary ionosphere/induced magnetosphere, mostly within 30 km from the comet nucleus (Fig. 1i) . The ion energy spectrogram obtained from the Ion and Electron Sensor of the RPC (RPC-IES, Burch et al. 2007) shows clear signature of solar wind protons (H + ) and alpha particles (He ++ ), energy varying between ∼700 eV and ∼4 keV (Fig. 1e) . The solar wind proton speed (Vp), density (Np), and temperature (Tp) are estimated by fitting a Maxwellian distribution to RPC-IES proton data. The estimated parameters are shown in Figs 1a, b, and c, respectively (blue points). The Vp and Np are also estimated by integrating the plasma moments of order 0 and 1 obtained from the Ion Composition Analyzer (RPC-ICA, Nilsson et al. 2007 ) that measures the ion distribution in the energy range of 10 eV-40 keV (Figs 1a and b, red points). Although the estimations have different time resolutions, both the estimates for Vp show a similar temporal behaviour. However, the estimated parameters from RPC-IES data show large scatters (uncertainties) during certain time intervals. The scatters are due to the fitting procedure and are related to the time bins when the RPC-IES proton distribution fits poorly to Maxwellian.
RPC observations of CIRs during 2016 June-September: an overview
From the variation of Vp, four HSSs can be identified with peak Vp of ∼590 km s −1 , 580 km s −1 , 640 km s −1 , and 590 km s −1 at ∼1030 UT on day 168, at ∼1030 UT on day 193, at ∼2130 UT on day 219, and at ∼1130 UT on day 247, respectively ( Fig. 1a) . These are significantly less than ∼750-800 km s −1 speeds observed by Ulysses at ∼3.7 au distance over the solar poles (Phillips et al. 1994 ). This could either mean that Rosetta is seeing the edges of the HSSs or that these have been decelerated. The consecutive HSSs are separated by ∼25, ∼26.5, and ∼27.4 d, respectively. These correspond to the solar differential rotation periods at the solar equator to mid-latitude regions (Bartels 1932 (Bartels , 1934 Newton & Nunn 1951; Tsurutani et al. 1982) . The low-speed streams in between the HSSs had Vp in the range ∼320-400 km s Glassmeier et al. 2007b) show magnetic field compression and polarity fluctuations (Fig. 1d) . The magnetic field is expressed in the Cometocentric Solar Equatorial (CSEQ) coordinate system where the x-axis points towards the Sun, the z-axis is the component of the solar north pole that is orthogonal to the x-axis, and the y-axis completes the right-handed coordinate system. The reader should be aware of offset uncertainty of the magnetic field measurements during this interval. To constrain the error that arises from this, we add the maximum offset of 5 nT to intervals where the field magnetitude is below 5 nT and consider this to be the upper limit for the error. Fig. 1f shows the electron energy spectrum obtained from RPC-IES. It is clear that CIR impacts are followed by significant increases in the ionizing (>12-200eV) electron fluxes as well as increases in the cometary ion fluxes (Fig. 1e) . Cometary plasma is monitored by a Mutual Impedance Probe (RPC-MIP, Trotignon et al. 2007 ) and two LAngmuir Probes (RPC-LAP, Eriksson et al. 2007 ). Fig. 1g shows the electron density Ne derived from the RPC-MIP measurements. Ne represents the total electron density including the sum of different populations, namely, the cold, warm, and ionizing populations. There are apparent increases in Ne during the CIR intervals compared to pre-and post-CIR periods.
Case-by-case analyses of the CIR interplanetary characteristics and their impacts on the cometary ionosphere/magnetosphere are presented in Sections 2.2-2.5.
CIR event during 2016 June 13-15
Fig . 3 shows the RPC observations during 2016 June 12 to 2016 June 21 (days 164 to 173). The CIR impact interval is well defined with discontinuities in the solar wind plasma and magnetic field variations at ∼1913 UT on day 165, and at ∼2326 UT on day 167. These are marked by FW and RW on the top of the figure, representing forward and reverse waves, respectively. The CIR had a total duration of ∼2.18 d between a low-speed stream with Vp ∼375 km s −1 and an HSS with peak Vp ∼590 km s −1 (Fig. 3a) . The FW is characterized by increases in Vp, Np, Tp, and Bo (Smith & Wolfe 1976; Richter et al. 1985; Tsurutani et al. 2011) . For the RW, Vp increased, but the other parameters (Np, Tp, and Bo) decreased with time.
To identify the nature of the discontinuities, we estimated the magnetosonic Mach numbers (MMNs) and angles of propagations of the discontinuities using the Abraham-Shrauner (1972) mixedmode method and the Rankine-Hugoniot conservation equations (Smith 1985; Tsurutani & Lin 1985; Tsurutani et al. 2011; Hajra et al. 2016b; Hajra & Tsurutani 2018b) . We considered average values of the solar wind plasma and magnetic field parameters during about 2 h intervals upstream and downstream sides of the discontinuities. The FW and RW are found to have MMNs of ∼0.19 and ∼0.11, and normal angles of ∼26
• and ∼86
• relative to the upstream magnetic field, respectively. The low MMNs (<1) confirm that the discontinuities were not shocks, but waves. This result implies that the FW was propagating at only ∼19 per cent of the magnetosonic speed at an angle of ∼26
• relative to ambient magnetic field. On the other hand, the RW was quasi-perpendicular, propagating at ∼11 per cent of the magnetosonic speed at an angle of ∼86
• relative to ambient magnetic field. We identified a total of 10 such solar wind plasma and magnetic field discontinuities around the CIRs under this study. The discontinuity characteristic parameters are listed in Table 1 . We remind that the offset uncertainty of the magnetic field measurements and the uncertainties in the solar wind proton parameters may introduce errors in the above estimations.
During the CIR interval, 67P was at a heliocentric distance of ∼3.2 au, while Rosetta was at a cometocentric distance of ∼28.6-29.6 km ( Fig. 3i) , moving from the southern hemisphere towards the north (Fig. 3h ). The CIR/FW impact coincides with enhancement in the magnetic field amplitude Bo from ∼13-15 nT to ∼62 nT, and polarity reversal in By and Bz components (Fig. 3d ). This magnetic field polarity reversal within the low-speed wind is characteristic of a heliospheric current sheet (HCS, Ness & Wilcox 1964; Smith, Tsurutani & Rosenberg 1978) . This is accompanied by neighboring high-density cold plasma, known as heliospheric plasma sheet (HPS, Winterhalter et al. 1994) .
The CIR impact is characterized by a large spread (compared to pre-CIR period) in solar wind proton energy spectrum (Fig. 3e) , resulting in large ranges of variations in Vp, Np, and Tp. The compressed proton density changes from ∼0.03 cm −3 to ∼0.43 cm −3 , a factor of ∼13 increase relative to the pre-CIR value. Although Tp exhibits large uncertainty in measurement, it was ∼2.6 eV before CIR impact, and increased abruptly to ∼19.5 eV after the impact.
Cometary ion (∼4-20 eV) flux increases may be noted from the RPC-IES measurements ( Fig. 3e ) owing to increase in the negative spacecraft potential (not shown). Another prominent feature of the CIR impact is large increase in ionizing (>12-200 eV) electron fluxes, which continues ∼1.5 d after the CIR terminates (Fig. 3f) . About 3 orders of magnitude increase was recorded during the CIR interval relative to the pre-CIR value.
During the CIR interval, RPC-MIP was mostly operated in long Debye length (LDL) mode, while it was operated in short Debye length (SDL) mode during pre-and post-CIR intervals (see Trotignon et al. 2007 for a detailed description of SDL and LDL modes). SDL mode is used to measure high densities of cold plasma while LDL can measure only low electron densities, usually <300 cm −3 (Fig. 3g) . Estimated Ne before and after the CIR varied between ∼200 and 900 cm −3 . As RPC-MIP can only estimate plasma density below ∼300 cm −3 in the LDL mode (shown by grey (Fig. 3) R W 8 6 • 0.11 0141 UT July 06 (Fig. 4) F W 2 9 • 0.36 0420 UT July 08 (Fig. 4) R W 8 7 • 0.05 1702 UT July 09 (Fig. 4) F S 4 1 • 1.48 0407 UT July 11 (Fig. 4 shading in Fig. 3g ), an Ne data gap during the CIR interval suggests that Ne was likely to be >300 cm −3 during the CIR. However, the exact plasma density response to this CIR cannot be inferred. Fig. 4 shows an interesting 'double CIR' structure from 2016 July 6 to 2016 June 11 (days 188 to 193) between a low-speed (∼330 km s −1 ) stream and an HSS (∼580 km s −1 ). This interval is characterized by an FW at ∼0141 UT on day 188, an FS at ∼1702 UT on day 191, and two RWs at ∼0420 UT on day 190 and at ∼0407 UT on day 193 (Table 1) .
CIR event during 2016 July 6-11
During the entire CIR interval of ∼5.10 d, 67P moved slowly from the heliocentric distance of ∼3.3 au to ∼3.4 au (Fig. 4i) . Rosetta was at a cometocentric distance of ∼26.9 km during the first part of the double CIR, while it approached as close as ∼9 km to 67P during the second part. These intervals are characterized by magnetic field compressions from ∼7-15 to ∼22 nT, and from ∼9-12 to ∼40 nT, respectively (Fig. 4d) . Double CIR signature is quite clear in the Np and Tp variations. Two distinguished regions of Np changes from ∼0.05 to ∼0.75 cm −3 (relative increase by a factor of ∼14) and from ∼0.04 to ∼0.87 cm −3 (relative increase by a factor of ∼21) can be observed (Fig. 4b) , while Tp increased from ∼2 eV to ∼20 eV and ∼60 eV (Fig. 4c) .
Interestingly, RPC-IES measurement shows that there is no significant enhancement of cometary ions during the first part of the CIR, while more negative spacecraft potential increases their observed ion energy during the second part and revealed enhanced ion fluxes (Fig. 4e) . It may imply that the second part of the double CIR is more effective to disturb the cometary plasma environment.
It is also because for the first part, Rosetta was above northern hemisphere and at a cometocentric distance of ∼26.9 km. On the other hand, for the second part, it was at a distance of ∼9 km and over southern hemisphere where neutral densities are higher, so enhancements in ions can be more easily detected. This is consistent with larger and long-duration ionizing electron acceleration during the latter part of the CIR (Fig. 4f) . About 3-4 orders of magnitude increases were recorded in ionizing electron fluxes during the two parts of the CIR.
RPC-MIP operation mode changed between LDL (grey shadings) and SDL during the CIR interval (Fig. 4g) . While the plasma density may have been >300 cm −3 during the first part, an actual measurement could not be done as RPC-MIP was operated in LDL mode at that time. On the other hand, clear signature of plasma density enhancement can be observed at the FS impact: Ne increased sharply from ∼350 cm −3 to ∼3000 cm −3 . However, besides the CIR/FS impact, two other factors should be taken into account: first, Rosetta was at the closest cometocentric distance of ∼9 km and second, it was in the southern hemisphere of the comet where the local outgassing rate was reported to be intense (Gasc et al. 2017; Heritier et al. 2018 ). These two factors may contribute to the observed plasma enhancement. This will be discussed in Section 3.
CIR event during 2016 August 3-6
The third CIR impact is observed from 2016 August 3 to 2016 August 6 (day 216 to 219) between a low-speed stream with speed ∼410 km s −1 and an HSS with peak speed ∼640 km s −1 (Fig. 5) . The CIR continued for ∼3.13 d, bounded by an FW at ∼0925 UT on day 216 and an RW at ∼1234 UT on day 219 (Table 1) . Comet 67P was at a heliocentric distance of ∼3.5 au, while Rosetta monitored the cometary plasma environment from a distance varying between ∼8.9 and 13.4 km (Fig. 5i) .
The CIR/FW impact is characterized by magnetic field By, Bz polarity reversal (Fig. 5d) , and an adjacent high plasma density region (Fig. 5b) , typical of an HCS and an HPS, respectively. The CIR region is characterized by a magnetic field compression from ∼8-13 to 33 nT ( Fig. 5d ) and a plasma compression from Np ∼0.02 to 0.6 cm −3 (Fig. 5b) . A Tp change from ∼2.5 eV to a peak value of ∼35 eV was estimated from the RPC-IES ion distribution measurement (Fig. 5c ). As in previous cases, CIR/FW is characterized by enhancements in the ionizing electron fluxes by ∼3 orders of magnitude, continuing ∼2 d after the end of the CIR (Fig. 5f ).
After the CIR/FW impact, RPC-MIP was operated in LDL mode (grey shading), thus any plasma density >300 cm −3 could not be measured during those time intervals (Fig. 5g) . Afterwards, a Ne value of ∼2500 cm −3 was recorded at ∼1507 UT on day 217 when Rosetta was in the northern hemisphere, and it was as high as ∼5400 cm −3 at ∼0136 UT on day 219 when Rosetta was at the southernmost latitude (−79.5
• , Fig. 5h ) and at a cometocentric distance of ∼8.4 km (Fig. 5i) . These Ne values are significantly larger than the pre-CIR values around ∼200-350 cm −3 . However, as mentioned in Section 2.3, the Ne increases during the CIR are also influenced by the variations in the cometocentric distance and latitude of observation.
CIR event during 2016 September 1-3
Fig . 6 shows the RPC observations during the fourth CIR impact during 2016 September 1-3 (days 245-247) between a lowspeed stream with speed ∼400 km s −1 and an HSS with peak Vp ∼590 km s −1 . Bounded by an FW at ∼0129 UT on day 245 and an RW at ∼0623 UT on day 247 (Table 1) , the CIR had a total duration of ∼2.21 d.
During this CIR interval, 67P was at a heliocentric distance of ∼3.7 au, and the cometocentric distance of Rosetta varied between ∼4 and 16 km (Fig. 6i) . The magnetic field amplitude Bo increased from a value of ∼9-14 to ∼30 nT, proton density Np attained a peak value of ∼0.7 cm −3 from a pre-CIR value of ∼0.04 cm −3 , and Tp changed from ∼7 to 60 eV. The ionizing electrons exhibited flux enhancements by ∼3 orders of magnitude after the CIR/FW impact.
During the entire CIR interval, Rosetta was in the southern hemisphere, and it moved closer to the comet nucleus. These two factors along with the CIR impact resulted in significant cometary plasma density increase to ∼2500-4000 cm −3 from the pre-CIR densities of ∼200-1000 cm −3 (Fig. 6g) .
D I S C U S S I O N

Interplanetary CIR characteristics near comet 67P at large heliocentric distances
The solar wind is very dynamic, characterized by transient impulsive events such as CMEs and CIRs that can impact on the cometary plasma dynamics. The CIRs near the comet 67P at heliocentric distances of ∼3-3.8 au are found to have well-defined interplanetary structures with solar wind proton density and temperature enhancements, and magnetic field compressions at the low-speed stream and HSS interface region. The leading antisolar edges of the CIRs are characterized by increase in magnetic field magnitude accompanied by corresponding increases in proton speed, density, and temperature. The magnetic field decrease at the trailing edges of the CIRs is accompanied by an increase in proton speed and by decreases in proton density and temperature. Out of 10 interplanetary discontinuities at the CIR boundaries, four are determined to be forward waves and five are reverse waves, propagating at ∼5-92 per cent of the magnetosonic speed at angles of ∼20
• -87
• relative to ambient magnetic field. Only one is identified to be a quasi-parallel forward shock with MMN of 1.48 and shock normal angle of 41
• . It may be noted that fast shocks compress both the magnetic field and plasma density by a factor of approximately the magnetosonic Mach number (for perpendicular shocks, see Kennel et al. 1985) up to a value of ∼4. Since the interplanetary discontinuities detected near the comet (present study) are identified to be waves (they could have been shocks at one time) and one shock with a low Mach number, they cannot efficiently compress the near-cometary plasma and magnetic field. This suggests that the mild magnetic filed compressions (by factor of ∼1-4) and huge plasma density increases can hardly be related to the waves at the CIR boundaries.
The leading edges of the CIRs are associated with a magnetic field polarity reversal (HCS) accompanied by a high-density cold plasma region (HPS) in the low-speed edge of the CIRs. The July CIR event (Fig. 4) , which we called a 'double CIR event', was a complex event showing possible interaction between two CIRs. This structure is suggested to be associated with kinematic interaction between two HSSs with slightly different speeds and longitudinal extents (sizes) or their coalescence (see Burlaga et al. 1990 , and references therein for more details on this topic).
What is the cometary plasma response to the CIR impact?
As shown in the previous section (Section 2) and in previous studies (Edberg et al. 2016; Galand et al. 2016) , the cometary plasma density is largely dependent on the cometary latitude (λ), longitude (θ), and on the cometocentric distance (r c ). Therefore, in order to quantify the CIR impacts on the cometary plasma density variation, the cometary ionosphere dependence on these parameters should first be isolated and removed. First, regarding cometocentric distances, the near-cometary plasma density is shown to follow a r −1 c variation (Edberg et al. 2015; Heritier et al. 2017) . Second, regarding latitude and longitude variations, it is suggested that during the last four months of the Rosetta mission operation, considered for this work, the local outgassing rate was most intense over the southern hemisphere where CO 2 was a major species, while H 2 O dominated over the northern hemisphere (Gasc et al. 2017; Heritier et al. 2018) . Indeed, CO 2 has a lower sublimation temperature compared to that of H 2 O.
Following these considerations, the near-cometary plasma density Ne can be expressed as: Ne(λ, θ, r c ) = (1/r c )Ne (λ, θ). We consider four months of plasma density measurements excluding the intervals with CIR impacts to generate an average λ-θ map of Ne normalized to a given cometocentric distance r c , using RPC-MIP measurements. Fig. 7a shows such Ne map depicting the average Ne variation at a cometocentric distance r c = 10 km. A clear hemispheric dependence can be observed with southern hemisphere exhibiting larger density (∼1200 cm −3 ) compared to the northern hemisphere (∼100 cm −3 ). This is consistent with the more intense outgassing rate observed in the southern hemisphere (Gasc et al. 2017; Heritier et al. 2018 ). This can be taken as the 'quiet time' cometary ionosphere density reference, that we will use to assess the CIR impact on the undisturbed cometary plasma. Such an average map may provide useful information about the degree of disturbance, by comparing the CIR time data to the average pattern.
Following the same procedure, λ-θ Ne maps were also created for the CIR intervals (not shown). To extract the CIR contribution on the cometary plasma variation, we estimated the Ne relative differences between the CIR periods and the quiet time period taken as a reference. Figs 7b, c, and d show the percentage relative difference maps during the three CIR intervals, 2016 July 6-11, 2016 August 3-6, and 2016 September 1-3, respectively. Because of the lack of Ne measurements during the first CIR interval (June 13-15), we were not able to perform this study for this CIR. The difference maps are meant to approximate the 'global' cometary plasma response to the CIRs. The peak Ne enhancements during the three CIRs are ∼950, ∼2230, and ∼1450 per cent, respectively, while ∼500-1000 per cent increases can be observed commonly in both hemispheres during the three events. During the July and August These CIR time cometary enhancements (∼500-1000 per cent) are significantly large compared with CIR impacts on the Earth's ionosphere. For example, Mannucci et al. (2015) produced global differential maps of ionospheric total electron content (TEC) during two CIR impact intervals. TEC is defined as the total number of free thermal electrons present in a column of one meter squared cross section along a path between a radio transmitter and a receiver. This is an important ionospheric state parameter (see Browne et al. 1956; Evans 1956; Chakraborty & Hajra 2008; Hajra 2012; Hajra et al. 2016a , and references therein). While large latitudinal/longitudinal variations were observed, peak TEC increases varied around 80-100 per cent during the CIRs. Hajra et al. (2017a) explored the altitude profile of the ionospheric Ne at a near-equatorial observatory Arecibo (geomagnetic: 28.17 • N, 5.88
3). While no data was available during a CIR event, peak Ne enhancement by a factor of ∼4 or an ∼300 per cent increase was recorded during an HSS interval. It should be remembered that the Earth's heliocentric distance is ∼1/3 to 1/4 of that of comet 67P under this study. This comparison highlights the distinguished characters of the solar wind interactions with the Earth, shielded by its own magnetosphere, and of unmagnetized solar system bodies such as comets. 
What is the source of the large cometary plasma enhancement observed during the CIRs?
Four different mechanisms were suggested by Edberg et al. (2016) to explain the cometary plasma enhancements during the CIRs in pre-perihelion phase of comet 67P at distances ∼3 au. They are: (i) a compression of the cometary plasma by the increased solar wind ram pressure, (ii) an increase in charge exchange with solar wind protons, (iii) an acceleration of mass-loaded plasma back to the comet ionosphere, and (iv) an increase in electron-impact ionization. In this section, we will compare the relative importances of each of these mechanisms.
Regarding the contribution of the charge exchange mechanism (ii), we estimated the ion production rate of water ions produced by charge transfer of the solar wind protons and alpha particles with water neutral molecules. First, the ion particle fluxes were calculated using the density and velocity moments of the species' ion distribution functions derived from RPC-ICA. Then we obtained the ionization frequency by multiplying the solar wind ion fluxes with the cross-sections for the relevant charge transfer reactions at the average energy of the solar wind, measured in situ by RPC-ICA. The reactions taken into account here were single and double charge transfers, for completeness, though single charge transfer cross-sections are larger at typical solar wind energies. 2016, 2017, for more details on the cross sections). The average (1 h) total ion production rate due to solar-wind charge transfer is shown in Fig. 8 . It peaks at about 4-5 × 10 −8 s −1 during the CIR impacts on the cometary environment. Such levels of ionization are not uncommon throughout the 2016 June-September period, and are likely associated with a combination of neutral atmosphere and solar wind variations.
Regarding the contribution of photoionization and electronimpact ionization (iv), we use a multi-instrumental data-based ionospheric model by Galand et al. (2016) , which suggests that the cometary plasma density variation is mainly controlled by these two mechanisms, at least in the inner cometary ionosphere unperturbed from solar wind transient events. The model uses time-varying electron-impact ionization frequency based on RPC-IES measurements, photoionization frequency obtained from Thermosphere Ionosphere Mesophere Energetics and Dynamics-Solar EUV Experiment (TIMED-SEE, Woods et al. 2005 ) and interpolated to comet 67P along with cometary neutral density and neutral composition measured by the ROSINA-COPS (Rosetta Orbiter Spectrometer for Ion and Neutral Analysis-COmet Pressure Sensor) and ROSINA-DFMS (Double Focusing Mass Spectrometer) instruments (Balsiger et al. 2007 ), respectively. The respective contributions of photoionization and electron-impact ionization are reported to be highly variable (see Galand et al. 2016; Heritier et al. 2017; Hajra et al. 2017b ).
The Galand et al. (2016) model study was extended by Heritier et al. (2018) in order to identify the ionospheric drivers throughout the two years of the 67P escort phase by Rosetta and to assess their variability over time and heliocentric distance (before and after perihelion). Fig. 9 shows an example during the August CIR event, based on Heritier et al. (2018) . The average ionizing electron density increases from ∼200 to 3000 cm −3 during the CIR (Fig. 9a) . This leads to a 2 orders of magnitude increase in electron-impact ionization to ∼3.5 × 10 −6 s −1 , while the photoionization frequency is significantly low (∼4 × 10 −8 s −1 ) (Fig. 9b) . We note also that the electron-impact ionization frequency (Fig. 9b) is about 2 orders of magnitude higher compared to the charge exchange ion production frequency (Fig. 8) at the position of Rosetta. Fig. 9c shows a comparison between the cometary plasma density derived from the RPC-MIP measurement and the modelled ionospheric densities. On the one hand, ionospheric density due to photoionization only is insignificant compared to the actual plasma density. On the other Figure 9 . (a) Average ionizing electron density (in cm −3 ), (b) photoionization frequency (in s −1 , green curve) and electron-impact ionization frequency corrected with spacecraft potential (in s −1 , red curve), (c) electron number density estimated from RPC-MIP (in cm −3 , blue dots), modelled ionospheric densities (in cm −3 ) using photoionization only (green) and both photoionization and electron-impact ionization (red), assuming outflow velocity from 400 m s −1 (upper bound) to 700 m s −1 (lower bound) during 2016 August 5-8. The grey shading indicates inaccessible densities associated with measurements limits in LDL operational mode as in Fig. 1. hand, the total density due to photoionization and electron-impact ionization matches well the cometary plasma density variations observed during the CIRs. This implies that while photoionization (and charge exchange) had a very minor contribution to the cometary plasma, electron-impact ionization was found to be the dominating ion source during the CIRs. Large ionizing electron flux enhancements during the CIRs (as observed in this study and previously in Edberg et al. (2016) led to a significant increase in the electron-impact ionization rate.
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The relative contributions of the mechanism (iii), i.e. an acceleration of mass-loaded plasma to the comet ionosphere, cannot be estimated directly. On the other hand, as argued previously, the mild magnetic field compressions and huge plasma density increases are unlikely related to the observed waves at the CIR boundaries (mechanism i). However, this study, combined with Heritier et al. (2018) , identifies the increase in electron-impact ionization as the dominating mechanism explaining the large increase in cometary plasma during the CIRs, at least in the cases studied here. The other three mechanisms proposed by Edberg et al. (2016) may only play minor roles in the cometary plasma density variation during the CIR events.
A final point that remains to be understood is the source mechanism of the ionizing electrons during the CIR events. At present time, their origin is not fully understood. During periods without CIRs, Broiles et al. (2016) suggested that energetic electrons observed at comet 67P could be generated through wave-particle 1 It may be noted, however, that the ionization model fails to reproduce the observed plasma density at ∼1230 UT on August 6 (Fig. 9c) . This is associated with the ionizing electron density retrieved from RPC-IES (Fig. 9a) at that time, and that appears larger than the total Ne observed by RPC-MIP. This peculiarity is observed during ∼1 h, and is not currently understood. This is not the case during the rest of the analysis. It may be due to some atypical electron distributions. The estimations of the ionizing density assume an isotopic distribution. This can yield an overestimation when the electron population has more a beam-like distribution, which may occur during CIRs.
interactions involving lower hybrid waves, while Madanian et al. (2016) suggested that they could be generated through the effect of the cometary ambipolar electric field. Moreover, Particle-In-Cell simulations including the electron kinetic physics showed that the potential well associated with the cometary ambipolar electric field should accelerate electrons of solar wind origin up to ionizing energies in the near-cometary environment (Deca et al. 2017) . Further simulation studies are required to identify the source of energetic electrons during CIR impacts. This is left for a future work.
S U M M A RY
We have presented a quantitative study on the interplanetary characteristics, evolution, and impacts of the CIRs in a near-cometary plasma environment. The comet 67P plasma and magnetic field variations at large heliocentric distances of ∼3-3.8 au measured in situ by the Rosetta spacecraft at cometocentric distances of ∼4-30 km are explored to study the cometary plasma response to four CIR events during 2016 June through September. The CIRs were identified in the interface region between low-speed solar winds and HSSs with peak proton speeds of ∼320-400 km s −1 and ∼580-640 km s −1 , respectively, measured near comet 67P. The main results of this work may be summarized as follows:
(i) The near-cometary, interplanetary CIRs are characterized by relative increases (i.e. increases from the pre-CIR values divided by the pre-CIR values) in magnetic field intensity by factors of ∼1-4, in solar wind proton density by ∼13-29 and in temperature by ∼7-29.
(ii) The CIRs are bounded by interplanetary discontinuities. At the CIR leading edges an increase in magnetic field intensity is accompanied by increases in solar wind proton speed, density, and temperature. The trailing edges of the CIRs are characterized by magnetic field decreases accompanied by an increase in proton speed and by decreases in proton density and temperature.
(iii) Out of 10 interplanetary discontinuities at the CIR boundaries detected in this study, four are determined to be forward waves and five are reverse waves, propagating at ∼5-92 per cent of the magnetosonic speed at angles of ∼20
• relative to ambient magnetic field. Only one is identified to be a quasi-parallel forward shock with magnetosonic Mach number of 1.48 and shock normal angle of 41
• . (iv) The 'double CIR event' of 2016 July shows evidence of possible kinematic interactions between two HSSs/CIRs at large heliocentric distances.
(v) During the CIR impacts, ionizing (>12-200 eV) electrons exhibit increases in fluxes by ∼3-4 orders of magnitude. The flux enhancements are long-duration, continuing for ∼1.5-2 d after the CIRs terminate. Large and long-duration cometary ionizing electron flux enhancements seem to be a good proxy indication of the nearcometary CIR impact.
(vi) The CIR impact on the cometary plasma density was quantified by identifying and removing the quiet time plasma dependence on the cometary latitude, longitude, and the cometocentric distance. Cometary plasma density exhibited large increases of ∼500-1000 per cent of the quiet time reference values.
(vii) During the CIRs, the ion production rate due to solar wind charge exchange was observed to be ∼2 orders of magnitude lower compared to the electron-impact ionization frequency.
(viii) Multi-instrument analysis of the cometary ionosphere (Heritier et al. 2018 ) reveals that photoionization process contributes insignificantly to the cometary plasma variation during the CIRs, while electron-impact ionization is the dominating process. Increased electron-impact ionization frequency, resulting from an enhancement in the energetic electron fluxes, is suggested to be the prime cause of the cometary plasma enhancements during the CIRs.
F I NA L C O M M E N T S
In this work, we explored the near-cometary plasma response to CIRs during the post-perihelion phase of its solar orbit, while the previous study by Edberg et al. (2016) corresponded to the pre-perihelion phase. In both cases, the comet was at heliocentric distances of ∼3 au, characterized by a weak-to-moderate outgassing rate. The CIR impacts on the cometary plasma are found to be qualitatively identical in both pre-and post-perihelion phases. Large plasma enhancements, long-duration ionizing electron flux increases, and magnetic field intensifications can be considered as the 'typical CIR impact signatures' in the near-cometary environment at large heliocentric distances. However, the plasma density increases vary from one case to the other depending on the distance from the comet nucleus, latitude, and longitude. During the observations reported in this study, Rosetta was located in the weakly outgassing cometary plasma, so that the passage of a CIR can unambiguously be identified from the solar wind ion measurements near the comet. On the other hand, during highly active comet phases, i.e. near perihelion, a so-called solar wind ion cavity builds up around the comet nucleus where solar wind ions cannot penetrate anymore. In such a case the unambiguous detection of CIR impacts from Rosetta measurements is expected to be much more difficult to achieve. The investigation of CIR impacts on the plasma environment of an active comet will be considered in future works, based on the knowledge acquired from CIR impacts on the plasma environment of a low-activity comet (present study).
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